Tannins are polymeric, phenolic constituents found in the bark of pine and spruce. When reacting with iron ions, tannins form strongly coloured complexes. Thus, the presence of bark in the mechanical pulping process leads to decreased brightness of the pulp. In order to evaluate the effects of the presence of iron on the properties of pulp, we have impregnated thermomechanical pulp (TMP) with 30 parts per million (ppm i.e. mg/kg) iron either as Fe 3+ or as tannin-iron complexes and studied how such treatments affect bleachability and heat-induced brightness reversion. The bleaching agents studied are hydrogen peroxide and sodium dithionite. Treatment of the tannin-iron impregnated pulp with 1% by weight of diethylenetriaminepentaacetic acid (DTPA) before bleaching with 4% hydrogen peroxide almost eliminated the brightness loss caused by the impregnation. Such a treatment also removed all of the added iron from both the tannin-iron and FeCl 3 impregnated pulps. Approximately 5% more of the added peroxide was required for oxidation of the tannins in the tanniniron impregnated pulp. Contrary to what was observed with peroxide bleaching, dithionite bleaching did not reduce the amount of iron in the pulps. Instead, the added iron and tanniniron negatively affected the dithionite bleaching, even if the pulps were extracted with DTPA before bleaching. It should therefore be advantageous to first bleach with peroxide, which removes most of the iron, and then with dithionite. Compared with dithionite, peroxide yields a more efficient bleaching. The reason for this is that the former reduces the light absorption coefficient, the k-value, more efficiently in the whole visible spectrum, whereas dithionite reduces it mainly at shorter wavelengths. In our experiments, the addition of tannin-iron or FeCl 3 to the untreated pulp did not increase heat-induced brightness reversion. This is supported by the fact that although extraction of the samples with DTPA before bleaching lowered the iron content slightly, it did not affect the brightness reversion. The initial brightness reversion of the dithionite bleached pulps was larger than that observed for the peroxide bleached pulps.
normally present in only small amounts, have been reported to have strong light absorption in the visible spectrum, thus contributing to the colour of mechanical pulp (Polcin, Rapson 1972) . Tannins are a group of wood components containing many phenolic groups, which can form coloured complexes with metal ions, such as Fe 3+ (South, Miller 1998) .
Norway Spruce (Picea abies) is the major raw material for mechanical pulp in Scandinavia. Condensed tannins are found in high concentrations in the bark of trees of the Pinaceae family e.g. spruce and pine. Spruce bark normally contains approximately 10% of tannins, but the content varies between 6% to 20% (Ullevålseter 1965) . Compared with wood, bark contains 5-10 times higher concentration of iron (Young, Guinn 1966) .
Pulpwood can become contaminated with tannins in two different ways, either through penetration into the wood from the surrounding inner bark on logs during storage both on land and in water (Ullevålseter 1965; Persson et al. 2002) or through inefficient bark removal prior to pulping.
The brightness of bleached mechanical pulps is in most cases improved by addition of a chelating agent before bleaching. This is due to the removal of harmful metals, which can otherwise form coloured complexes with some wood components and may also induce decomposition of bleaching agents (Polcin, Rapson 1972) . Chelating agents, for example diethylenetriaminepentaacetic acid (DTPA), selectively bind those metal ions that are responsible for most of the brightness loss in peroxide bleaching, e.g. manganese. Traces of manganese decompose hydrogen peroxide (Rodriguez et al. 1996) .
When dithionite bleaching is used, iron is the most harmful metal and it is also difficult to remove by chelating agents (Ganguli 1980) . Brightness stability of pulp is classified as either heat or light induced. Thermal yellowing is affected by moisture, pH and metal ions. Compared with unbleached pulp, both peroxide and dithionite bleached pulps show increased brightness reversion (Forsskåhl 2000) .
We have previously studied tannin-iron complexes in solution and the effect of adding these or Fe 3+ to thermomechanical pulp. Even though it was not possible to remove all of the added tannin-iron complexes or the iron from the treated pulps using extraction with e.g. DTPA or acid, the remaining iron did not cause increased brightness loss upon heating (Friman et al. 2004 ). Here we present our results from a study of how impregnation of pulp with Fe 3+ ions and tannin-iron complexes influences the bleaching efficiency of peroxide and dithionite. The subsequent brightness reversion of the bleached pulps has also been studied. 
Experimental
For a description of materials, impregnations, metal analyses and brightness measurements see part I in this series. The extractions were made as described earlier in (method 1 in part I; Friman et al. 2004 ).
Solutions
Preparation of the solutions used for impregnations and the extractions were described in part I (Friman et al. 2004) .
To 50 ml tannin-iron solution (FeCl 3 : 84.2 µmol/l; tannin: 168.4 µmol/l) suitable amounts of 5% hydrogen peroxide (H 2 O 2 ) was added to obtain solutions of 0.00, 0.07, 0.14 and 0.29% w/w H 2 O 2 . The solutions were adjusted to pH 5 and diluted to 100 ml. After 24 hours the ultraviolet-visible (UV-Vis) spectra and the residual peroxide were measured by a Varian Cary 100 Bio UVVis spectrophotometer and iodometric titration, respectively. The 5% H 2 O 2 was prepared by dilution of >30% H 2 O 2 (Merck) with deionised water and the concentration was determined by iodometric titration.
To 50 ml of a tannin-iron, (FeCl 3 : 84.2 µmol/l; tannin: 168.4 µmol/l), of an iron (FeCl 3 : 84.2 µmol) and of a water (reference) solution, a suitable amount of 20% sodium silicate (Na 2 SiO 3 ), 12% sodium hydroxide (NaOH), and 18% H 2 O 2 was added and diluted to 100 ml to achieve the same concentrations as those that were used during peroxide bleaching, described below. Hence, the concentration of peroxide in solution was 0.40% w/w. The pH of the solutions was pH 12. The solutions were then heated in a water bath at 70°C for 3 hours. The UVVis spectra and the peroxide concentrations of the solutions were measured before and after heating.
Bleaching

Peroxide bleaching:
The bleaching conditions were H 2 O 2 4%, Na 2 SiO 3 4%, and NaOH 2.8%, all w/w [relatively to oven dried (o.d.) pulp], at 70°C for 3 hours at 10% pulp consistency.
The pulp (6 g o.d.) was placed into a plastic bag and the required amount of 20% Na 2 SiO 3 , 12% NaOH, and 18% H 2 O 2 was added and diluted to achieve the bleaching conditions stated above. After mixing by hand, the plastic bag was placed in a water bath at 70°C. After 3 hours the pulp was dewatered to pulp consistency of 15% and then diluted to 1.5% and mixed for one minute. The residual peroxide was determined by iodometric titration. The final pH after peroxide bleaching was determined to between pH 9.3 and pH 10. Three separate bleaching experiments were made for each sample.
Dithionite bleaching:
The bleaching conditions were dithionite 1% at 80°C for one hour and at 3% pulp consistency.
The bleaching solution was made by dissolving sodium dithionite powder (0.8 g/l, Merck, containing 87% Na 2 S 2 O 4 ) in deionised water and the pH was adjusted to approximately pH 11 with 1 M NaOH.
The pulp (4 g o.d.) was heated in a water bath thermostated to 80°C and mixed with 50 ml bleaching solution and stirred during the reaction. After one hour the pulp was dewatered to pulp consistency of approximately 35% and then diluted to 1.5% and mixed for one minute. The final pH was determined to pH 4.7 -pH 6.4. The bleaching was done under a nitrogen atmosphere and all solutions and the pulp suspension were saturated with nitrogen for at least 10 minutes to avoid dissolved oxygen. Three separate bleaching experiments were made for each sample.
After bleaching, sheets with the basis weight of 40 g/m 2 for brightness measurements and metal analysis were produced after the pH of the pulp was adjusted to approximately pH 6.
Brightness reversion
The samples were accelerated-aged at 150°C for 2.5, 5, 10, 30 and 180 minutes in an oven.
Results and Discussion
Abbreviations:
Pulps: R-pulp: Reference pulp, no impregnation. 
Hydrogen peroxide reactions with tannin-iron-and FeCl 3 -solutions
First we examined how an aqueous solution of the tanniniron complexes reacted with varying amounts of added hydrogen peroxide. Thus, when a hydrogen peroxide solution (0.14 or 0.29% w/w) was added to a tannin-iron solution, the characteristic peak of the latter at 565 nm (Friman et al. 2004 ) disappeared indicating that the complexes were destroyed and that the tannins were decomposed to give less coloured products (Fig. 1a) . This treatment also led to a decrease of pH from pH 5 to pH 3.3 indicating that some phenolic groups of tannin were oxidised to acidic groups resulting in less coloured complexes between iron and the products. After peroxide treatment of the tannin-iron solution for 24 hours the solutions with 0.14 or 0.29% w/w peroxide were almost colourless, but not the solution with 0.07% w/w peroxide. However, most of the added peroxide remained in all the solutions and after a longer reaction time even the solution with 0.07% w/w peroxide was decolourised.
The decomposition of hydrogen peroxide is catalysed by iron via the so called Fenton driven Haber-Weiss mechanism, but it may also be base-catalysed (Colodette et al. 1988; Isbell et al. 1975) . In order to determine if these mechanisms had any influence on the decomposition of the tannin-iron complexes, we performed the same experiment as described in the paragraph above, but instead of performing it at pH 5, pH 12 was used. After reaction with 0.4% w/w peroxide under alkaline conditions, the tannin-iron solution became less coloured than the FeCl 3 -solution, which remained unchanged i.e. slightly yellow (Fig 1b) . This indicated, that the decomposition products of peroxide, regardless of mechanism, could oxidise tannin, probably to yield degradation products containing carboxylate ions, which might give colourless complexes with iron. As described in part I of this series, when the pH is increased, the colour of the tannin-iron complexes becomes stronger (Friman et al. 2004 ). Thus, the observed decomposition of the tanniniron complexes to colourless ones at higher pH was due to peroxide reactions and not to the increase of pH.
Removal of iron from impregnated pulp
The next step was to investigate if hydrogen peroxide had the same effect on iron added to the pulp. In experiments with impregnated pulps, a reference pulp (R) was used as the control pulp. It contained between 1-5 ppm iron.
We have already found that extractions with water (W) and DTPA remove approximately 10 ppm and 15 ppm iron, respectively, of the ~30 ppm iron originally present in both the tannin-iron (TFe) and Fe 3+ (Fe) impregnated pulps. However, complete removal of all the added iron or tannin-iron complexes from the impregnated Fe-and TFe-pulps is not possible, not even by using acid extraction at pH 2, which removes approximately 20 ppm of the added iron (Friman et al. 2004) .
We now found that bleaching with peroxide completely removed both the added iron and the tannin-iron, leaving pulps with the same iron-levels as the R-pulp (Fig 2) . A possible explanation for this might be that the iron was initially bound to insoluble polymers, which on peroxide oxidation were decomposed to smaller fragments, which formed water soluble iron-complexes that were extracted by water (cf. the behaviour in solution, discussed above). A result contradicting ours has been presented by Rodriguez et al. (1996) , who have shown that iron (and also copper) cannot be removed from the pulp during peroxide bleaching. However, after impregnation with FeCl 2 or FeCl 3 and before DTPA extraction, about ten times more iron was present in their pulps than in ours.
Bleaching with dithionite did not significantly decrease the iron-levels of the TFe-and Fe-pulps (Fig 2) . Lorås (1976) has shown that thermomechanical pulp (TMP) containing 1-3% by weight of bark can be bleached to a considerable degree with peroxide, but when bark is present, the final brightness is lower. Persson et al. (2002) have observed decreased brightness of pulps from spruce logs damaged by tannins and this damage is difficult to regain by peroxide bleaching. The explanation given for this is that the bark tannins diffuse inside the cell wall structure, which makes them less exposed to bleaching agents. Contrary to the results described in the previous paragraph, we found that peroxide bleaching of the TFepulp led to the disappearance of the characteristic peak at 565 nm for the tannin-iron complexes so these must have been transformed into less coloured products (see discussion above). The resulting delta light absorption coefficients [∆(k)-values=k TFe -k R ] were however not equal to zero indicating that some chromophores originating from the tannin-iron impregnation still remained in the pulp (Fig 3) . For the TFe-pulp extracted with DTPA and then bleached with peroxide, the ∆k-values were slightly lower than those observed for pulp extracted with only water prior to peroxide bleaching. One possible explanation for this is that the pulp, which was not pre-extracted with DTPA, had a higher manganese-level leading to less efficient bleaching (see discussion below). Another explanation may be that the DTPA pre-extracted TFepulp contains a lower level of coloured tannin-iron complexes and hence is easier to bleach than the water pre-extracted TFe-pulp (Fig 2 and Fig 3) . Gupta (1970) has shown that, for peroxide bleaching, iron does not have a negative effect on bleachability. In addition, part of the brightness reduction due to iron is regained during bleaching. In agreement with this, we found that the peroxide bleached TFe-and Fe-pulps gave almost the same ISO-brightness as the peroxide bleached reference pulps. This indicated that when we used peroxide, the presence of added iron and tannin-iron did not influence the bleachability (Fig 4) . Contrary to the results of Gupta (1970) , we found that the addition of iron did not have any significant influence on the brightness of the pulp.
Bleaching
Hydrogen peroxide
In order to get a maximal increase in pulp brightness after peroxide bleaching, the manganese concentration in a pulp should not be higher than 4 ppm (Rodriguez et al. 1996) . The water extracted pulps contained approximately 30 ppm manganese. This high content leads to unwanted manganese-catalysed decomposition of peroxide. Hence, compared with water extracted pulp bleached with peroxide, we found that extraction with DTPA prior to the peroxide bleaching gave a much brighter pulp, which could be attributed to the low manganese content, 0.3 ppm, in the DTPA-extracted pulp (Fig 4 and Fig 5) .
Provided that DTPA-extraction preceded bleaching, peroxide increased the ISO-brightness by 15-17%. Otherwise the increase was approximately 10 ISO-% lower. The largest increase in ISO-brightness was observed for the TFe-pulp, because the tannin-iron complexes were destroyed (Fig 4) .
For the pulps which were not extracted with DTPA prior to bleaching, the amount of residual peroxide was 0.2-0.9% of the original amount added. For those extracted with DTPA prior to bleaching the amount of residual peroxide was much higher (~24-34%) probably because of the lower manganese-content (see discussion above). For pulps extracted with DTPA prior to bleaching, there was no significant difference in residual peroxide for the iron impregnated pulp and the reference pulp. This indicated that the iron content in the pulp did not significantly enhance peroxide decomposition. Rodriguez et al. (1996) have also shown that the metals not desorbed from the pulp e.g. iron and copper does not have any significant effect on peroxide decomposition. For the DTPA pre-extracted pulps, the residual peroxide after bleaching of the reference pulp was somewhat higher than that of the TFe-pulp. This is probably due to consumption of peroxide when the phenolic groups in the tannin are oxidised (Fig 6) . Sodium dithionite Addition of iron to TMP decreases the bleachability by dithionite (Hart 1981) . By extraction with a chelating agent prior to bleaching, this decrease may however be recovered, even though not all of the added iron could be removed as approximately 50 ppm iron remains in the investigated pulp (Ganguli 1980) . The detrimental effect iron has on dithionite bleaching may be because it decomposes dithionite. Alternatively, reductive bleaching forms more phenolic groups, which may form coloured complexes with iron ions.
In accordance with result by Ganguli (1980) , we observed that dithionite bleaching after pre-extraction with DTPA gave a small increase in brightness, probably due to removal of some iron (Fig 5) . However, contrary to Ganguli (1980) the remaining amount of iron in the Fe-pulp (~15 ppm) affected the dithionite bleaching negatively (Fig 4 and Fig 7) .
We also found that dithionite bleaching did not lead to destruction of the tannin-iron complexes when the pulp was pre-extracted with DTPA. This was evident, because after bleaching the characteristic peak at 565 nm for tannin-iron remained unchanged. Dithionite bleaching destroyed however some tannin-iron complexes when the TFe-pulp had been pre-extracted with water instead of DTPA (Fig 7) .
After dithionite bleaching the ISO-brightness was increased by 7-11 ISO-%. The smallest increase was observed for the Fe-pulp, which could be due to a high level of available iron ions leading to decomposition of the dithionite (Fig 4) . Peroxide vs. dithionite As mentioned above bark contains a large amount of tannins and has high iron content and according to Lorås (1976) , bark is easier to bleach with peroxide than with dithionite. Thus our results, in which peroxide but not dithionite bleaching destroyed the coloured tannin-iron complexes offer an explanation for the observation of Lorås (1976) (Fig 3 and Fig 7) .
After dithionite bleaching the k-values were reduced and this was most pronounced at shorter wavelengths, whereas after peroxide bleaching the k-values are more reduced over the visible wavelengths. Peroxide and dithionite decompose in the presence of manganese and iron, respectively (see discussion above) so extraction of the pulps with DTPA prior to peroxide and dithionite bleaching yields lower k-values in the whole visible spectrum due to more efficient bleaching. This is more pronounced for peroxide than dithionite bleaching because the manganese is much easier to remove by DTPA than iron and manganese does not effect dithionite bleaching (Fig 5) .
Brightness reversion
In order to evaluate how peroxide and dithionite bleaching of the tannin-iron and iron impregnated pulp samples influenced heat-induced brightness reversion sheets prepared from these pulps were artificially aged at 150˚C for 2.5, 5, 10, 30 and 180 minutes.
According to Gupta (1970) , both Fe 2+ and Fe 3+ have a detrimental effect on the heat-induced brightness reversion of both peroxide and dithionite bleached groundwood pulp. Contrary to their results we observed no significant difference in brightness reversion for the bleached reference. The Fe-or TFe-pulps indicate that iron had no significant influence on heat-induced brightness reversion (Fig 8) .
It is known that after bleaching pulp new structural elements are formed which are sensitive to oxidation yielding new chromophores (McLellan et al. 1990 ). Hence, our bleached samples did yellow more than the unbleached ones (Fig 8 and Fig 9) . Lee et al. (1989) found that the brightness reversion is higher for dithionite than for peroxide bleached pulp. The higher aging observed for dithionite-bleached pulp may be attributed to the presence of higher amounts of hydroquinoid moieties, leucochromophores, which are formed when dithionite reduces quinoid moieties in the pulp (Lee et al. 1989; Polcin, Rapson 1971) . During heat aging, the colourless hydroquinones are oxidised in air to coloured quinones (cf. Gellerstedt, Pettersson 1980) . Consistent with these observations, we found that the initial brightness reversion of our dithionite bleached samples was higher than that of the peroxide bleached samples (Fig 9) . Lee et al. (1989) have shown that DTPA-extraction inhibits heat-induced brightness reversion of both unbleached and peroxide bleached mechanical pulps, but not of dithionite bleached ones. In the latter case heat induced oxidation of large amounts of leucochromophores is enough to overwhelm the effects of the removal of metal ions. This is in accordance with our results, which show no significant difference in heat-induced brightness reversion of dithionite bleached pulps whether or not they have been pre-extracted with DTPA, and in the case of unbleached pulp, our previous work supported their conclusions (see part I, Friman et al. 2004 ). However, in contrast to the results by Lee et al. (1989) ours show that DTPA extraction before peroxide bleaching does not inhibit the heat-induced brightness reversion (Fig 8 and Fig 9) .
For heat-induced aging of bleached pulps, we found that the k-values showed the highest increase at the shortest wavelengths in the visible region of the spectrum. When dithionite bleached samples were exposed to heat for long times, the k-values became higher than those of the unbleached pulp. The peroxide bleached pulp yellowed to a similar extent as the dithionite bleached pulp did. However, after aging the low k-values observed after the peroxide bleaching, still remained for longer wavelengths (Fig 10) .
Recommendations to the mechanical pulp industry
This work has shown that it is difficult to completely eliminate the iron present in the pulp by treatment with a chelating agent. However, under peroxide bleaching conditions, most of the iron initially present in the pulp is removed after a subsequent water extraction stage. This is beneficial for the final pulp brightness, because iron cause a brightness loss especially when it is complexed to wood components and the presence of iron also limits the response in terms of brightening, when dithionite is used as a bleaching agent.
Therefore, in order to avoid the harmful influence of residual iron, a two stage bleaching procedure can be recommended for mechanical pulp, first a hydrogen peroxide stage, which after efficient washing is followed by a second dithionite bleaching stage.
Conclusions
For thermomechanical pulp impregnated with Fe 3+ alone or with tannin-iron complexes, the bleachability of peroxide and dithionite and the subsequent heat-induced brightness reversion were investigated. The main findings are: · Addition of hydrogen peroxide to a tannin-iron solution destroys the coloured complexes.
·
Bleaching with 4% peroxide regained almost all of the brightness loss caused by the addition of tannin-iron complexes to the thermomechanical pulp. This is especially evident when the pulp is extracted with DTPA prior to bleaching. · When peroxide is used as the bleaching agent, the presence of tannin-iron complexes or iron in the pulp does not affect the bleachability.
Whereas addition of iron to the pulp does not affect peroxide decomposition, added tannin-iron leads to a slightly higher consumption of peroxide probably due to oxidation of tannin.
After the peroxide bleaching almost all of the added iron is removed from both the iron and the tanniniron impregnated pulps. This can be due to oxidation and decomposition of iron-complexing polymers into smaller soluble fragments in which the iron ions may still be bound in a colourless complex. These are then easily washed out with water.
As iron added to thermomechanical pulp is removed by hydrogen peroxide bleaching, adding peroxide prior to refining may be a method to reduce the brightness loss originating from bark in the thermomechanical pulping process.
Bleaching with dithionite is much less efficient than that using peroxide. This is partly due to the fact that dithionite is decomposed by iron. Therefore bleaching of pulps first with peroxide, in order to reduce the iron content, and then with dithionite is recommended.
The added iron amount, as Fe 3+ or as tannin-iron complexes, does not influence the heat-induced brightness reversion. Fig 10. The k-spectra for non-aged and aged (Aged: 150°C, 180 min) sheets made from tannin-iron impregnated pulps, which had been exposed to various pre-extractions and, in some cases followed by bleaching. For abbreviations see text.
